, and this ligand appears to interact exclusively with the sion patterns of this molecule and its ligand in relation to the position of the PGCs at different steps of their CXCR4 receptor. We therefore cloned the zebrafish sdf1a gene, which encodes a protein that exhibits a high migration.
During early gastrulation stages, at the onset of PGC level of conservation with the mouse SDF-1 protein (43% identity at the amino acid level; see Supplemental Figmigration, the cxcr4b RNA is uniformly distributed within the embryo and is thus expressed also in the migrating ure S1 at http://www.cell.com/cgi/content/full/111/5/ 647/DC1). PGCs ( Figures 1A and 1C) . By the end of gastrulation, the RNA is expressed in the PGCs that align along the Analysis of the sdf-1a spatio-temporal expression pattern revealed a remarkable correlation with the PGC lateral plate mesoderm of the trunk and the border between the head and the trunk mesoderm (insert in Figure  localization at different developmental stages. Specifically, at the onset of gastrulation, sdf-1a is expressed 1E). During somitogenesis stages, the PGC-specific expression of the receptor is evident in the clustered PGCs around the blastoderm margin with the exception of the dorsal-most aspect of the embryo, coinciding with the (arrowheads and insert in Figure 1G ) as well as in cells migrating toward the clusters (small insert in Figure 1G During gastrulation and early somitogenesis, the PGCs align along the lateral plate mesoderm of the trunk and cxcr4b (arrowhead in Figure 1I ). Thus, PGCs express cxcr4b at the time when they migrate toward their clusat the border between the head and trunk mesoderm (Weidinger et al., 1999) , and at this stage too, the PGCs proper PGC migration (Weidinger et al., 1999 . Therefore, we set out to reexamine some of those muare found mainly within domains of sdf-1a expression tants in an attempt to correlate the PGC migration de-( Figure 1F ). At later stages, when the PGCs cluster at fects with possible altered expression pattern of the sdfthe bilateral positions, strong expression of the ligand 1a gene in these embryos. is observed in the lateral plate mesoderm where the The spadetail (spt) gene, encoding a T box protein, PGCs are located (Figures 1H and 1N) . During the last is important for normal development of trunk paraxial step of migration, the PGCs migrate posteriorly to the mesoderm (Griffin et al., 1998) . In spt mutant embryos, position where the gonad develops. Consistently, a high the PGCs do not align along the border between the level of sdf-1a RNA is detected at this position as well head and the trunk mesoderm (step IIIa in Weidinger et ( Figure 1J ). In conclusion, we find a strong correlation al., 1999), and as a result, some PGCs arrive at anterior between the position of the PGCs at different stages of positions where they eventually cluster ( Figure 2D ; Weitheir migration and the tissues expressing high levels dinger et al., 1999). Indeed, the abnormal PGC migration of sdf-1a transcripts.
pattern observed in spt mutant embryos coincides with If sdf-1a indeed acts as an attractant for the PGCs, the altered expression pattern of sdf-1a. Specifically, at then one would expect that the dynamics of its expresthe stage when the PGCs normally align between the sion pattern would mirror the migration pattern of these head and the trunk mesoderm, sdf-1a is not expressed cells. To test this notion, we looked more closely at along this border as it is in wild-type embryos, thus the expression pattern of the ligand at several stages allowing some cells to reach anterior locations in the relative to concurring steps of PGC migration.
embryo (arrowheads in Figure 2B ). Consistent with the During early somitogenesis stages, the PGCs which proposed role for SDF-1a as an attractant for the PGCs, align along the tissues that express sdf-1a in the trunk while clustering occurs at the normal positions, the ec-(steps IIIa and IIIb in Weidinger et al., 1999; Figure 1F ) topic cells that arrive at the very anterior positions are migrate toward the clustering positions (steps IV and V concentrated in a region where high levels of sdf-1a in Weidinger et al., 1999; Figure 1F , arrows). Consistent mRNA can be detected (arrowhead in Figure 2D ). with a role for SDF-1a in directing this migration, we
As we previously described, in spadetail and notail find that its RNA is strongly expressed in a large number (ntl) (spt;ntl) double mutant embryos, differentiation of of cells at the clustering position ( Figure 1K ). In addition, the somatic tissue at the clustering position is defective in parallel to PGC migration toward the lateral clustering as determined by marker gene expression, and consesites ( Figure 1F In conclusion, the expression analysis described above in wild-type and mutant embryos shows a remarkthat in hands off mutant embryos, which carry a mutation in the bHLH transcription factor hand2, the migration of able correlation between the positions at which sdf-1a is expressed at higher levels and positions toward which the PGC cluster posteriorly is disrupted ( Figures 3H and 3I) .
While the reduction in the activity of SDF-1a or CXCR4b results in severe migration defects, it is formally possible that this effect is indirect, resulting from defects in the differentiation of somatic tissues that normally support PGC migration. Several lines of evidence argue against this possibility. First, despite the adverse effect on PGC migration, the morphology and development of the embryos (e.g., Figures 3A-3I ) appeared similar to embryos injected with the control morpholino oligonucleotides. To substantiate this point more rigorously, we the mesoderm, the clustering point at the anterior trunk, The Chemokine SDF-1 Directs PGC Migration the developing somites, and specific structures in the The migration phenotype described above is consistent head were expressing sdf-1a in a pattern similar to that with the notion that SDF-1a functions by introducing a in control embryos (Figures 3J-3L) . Using other markers bias in the direction of cell migration, leading the PGCs for somatic structures such as MyoD (somites and adaxtoward the source of the ligand. A prediction of this ial cells), Pax8, and Pax2.1 (midhindbrain boundary and proposal is that expression of the ligand at high levels pronephros), we did not detect any obvious abnormaliwithin the PGCs themselves would interfere with their ties in the injected embryos (data not shown).
ability to detect the endogenous signal. Indeed, overexTo prove that the activity of CXCR4b is indeed repression of the ligand in the PGCs results in pronounced quired specifically in the PGCs, we coinjected embryos migration defects in otherwise wild-type embryos (Figwith a morpholino of the body axis in the region where the gonad will be pretation of these findings is that SDF-1a acts as a natural chemoattractant for zebrafish PGCs. A formal formed. In this study, we provide strong evidence for the involvement of the chemokine SDF-1a in providing possibility is that SDF-1a is not the actual attractant, but rather that the chemokine signal leads to the producdirectional information to the migrating cells.
The expression pattern of SDF-1a perfectly overlaps tion of another molecule that acts as the actual cue for the PGCs. We consider the idea of such a relay with the positions toward which the PGCs migrate, and alterations in the expression pattern of SDF-1a in mutant mechanism unlikely. First, consistent with our model, in a wide range of experimental systems, SDF-1 has been embryos lead to a predictable migration phenotype. Furthermore, reduction in the level of SDF-1a or of its putashown to act as the chemotactic factor per se, directing cells toward their target. Second, we observe exceedtive receptor CXCR4b results in migration defects. Last, we show that migration of the PGCs can be redirected ingly tight temporal relationships between the RNA expression of SDF-1a and the cellular response, a finding toward sites of ectopically expressed SDF-1a. Our inter- sion are centered around their role in leukocyte traffickpenetrate the vascular system and are found in the exing, both SDF-1 and its receptor CXCR4 were found to traembryonic blood vessels and then in the blood circube expressed in a wide variety of cell types and tissues. lation of the embryo proper. The PGCs then leave the Consistently, mice lacking either the SDF-1 or its recepblood vessels and begin to penetrate the gonadal epitor exhibit defects that extend beyond the immune systhelium. This route of PGC migration is noticeably remitem, revealing roles for this chemokine in the genesis niscent of leukocyte trafficking, where the cells migrate of the circulatory and central nervous systems (Nagainto and out of blood vessels to arrive at their target. sawa et al. , 1996; Tachibana et al., 1998; Zou et al., 1998) .
The involvement of attracting signals directing PGC miOur finding that PGC migration depends on directional gration in the chick has been suggested, for example, signaling by SDF-1a allows us to model these processes by showing that an ectopically transplanted target tissue in a more accessible system at a higher resolution. is capable of attracting and then being colonized by Furthermore, although embryos in which SDF-1a or PGCs (Kuwana and Rogulska, 1999). In addition to seekCXCR4b activity was knocked down did not exhibit ining a generalized concept underlying the findings precreased lethality or obvious somatic defects, given the sented here and PGC migration in other organisms, it widespread expression of these genes, a thorough analwould be necessary to determine the relationships beysis of behavior of other cell types may reveal additional tween SDF-1 signaling and the corresponding pathways requirements for SDF-1a and its receptor in zebrafish.
that MO, 0.2 pmol R4b-2-MO, and 120 pg yefp-nanos-1 and at the 32 For cxcr4b-nanos-1, the CXCR4b ORF was fused to the 3Ј-UTR cell stage were treated as the experimental embryos. The injected of nanos-1 for the purpose of expressing the protein specifically in embryos were photographed at around 24 hpf using ECFP and EYFP PGCs. The coding region of cxcr4b was amplified by PCR using the specific fluorescent filters. Pseudocolors were used to improve the primers 5Ј-AAAGGATCCGAACAAAATGGAATTTTACGATAGC-3Ј and visualization of the fluorescence intensities. The proportion of PGCs 5Ј-AAACTCGAGACATGCACACACTAACTCGTCA-3Ј and was cloned in contact with red and white spots that correspond to high and upstream of the nanos-1 UTR.
higher intensities, respectively, of ECFP (and therefore of SDF-1a) For sdf-1a-nanos-1, the SDF-1a ORF was fused to the 3Ј-UTR was counted and the results were analyzed using student's t test. of nanos-1 for the purpose of overexpressing the protein in PGCs.
Additional information regarding experimental procedures is proThe coding region of sdf-1a was amplified by PCR using the primers vided in the Supplemental Data at http://www.cell.com/cgi/content/ 5Ј-AAAGGATCCAACATGGATCTCAAAGTG-3Ј (forward) and 5Ј-AAA full/111/5/647/DC1. CTCGAGTTAGACCTGCTGCTGTTG-3Ј (reverse). The sdf-1a coding region was cloned into the gfp-nanos-1 construct replacing the Acknowledgments GFP ORF.
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